We performed phylogenetic analyses of Fagopyrum species in the urophyllum group based on nucleotide sequences of two nuclear genes, FLORICAULA/LEAFY ( FLO/LFY ) and AGAMOUS ( AG ), and three segments of chloroplast DNA (cpDNA), rbc L-acc D, trn K intron, and trn C-rpo B spacer. The FLO/LFY and AG sequences turned out to be phylogenetically more informative at the intrageneric level than the cpDNA sequences. Congruence among these gene trees, inferred by a maximum-likelihood (ML) method, demonstrated that topologies were partially incongruent between the nuclear and chloroplast DNA phylogenies. The nuclear DNA sequence data supported a monophyletic relation of F. statice , F. gilesii , and F. jinshaense , whereas the former two species formed another monophyletic relation with the F. capillatum -F. gracilipes -F. gracilipedoides -F. rubifolium clade excluding F. jinshaense in the synthetic cpDNA phylogeny. In addition, two divergent sequences of FLO/LFY were found in F. rubifolium (tetraploid). One of these was sister to F. gracilipedoides and another was sister to F. statice , and a monophyletic relation of these two genes was rejected by a bootstrap analysis. These results suggest that hybridization may have occurred during diversification of Fagopyrum species in the urophyllum group, and that F. rubifolium is possibly allotetraploid species.
INTRODUCTION
The genus Fagopyrum is thought to comprise at most 19 species of different breeding systems such as heterostylous self-incompatible, homostylous self-compatible, and heterostylous self-compatible (Sharma and Boys, 1961; Adachi et al., 1982; Ohnishi, 1993 Ohnishi, , 1995 Ohnishi, , 1998 Ohsako and Ohnishi, 1998) . Common buckwheat ( F. esculentum ) is a cultivated heterostylous self-incompatible species that comprises two mating types, pin and thrum. Despite a target characteristic for improved breeds, little is known about the molecular basis of heterostylous self-incompatibility in Fagopyrum , as compared with the self-incompatibility in homomorphic flowers which has been better understood, e.g., in Brassicaceae, Solanaceae, and Papaveraceae (reviewed by Silva and Goring, 2001; Franklin-Tong, 2002) . It is, therefore, necessary to reconstruct a phylogenetic relation of Fagopyrum species of different breeding systems in order to understand the evolutionary history of self-incompatibility with heterostylism.
So far, Kishima et al. (1995) have proposed that homostylous self-compatibility derived from heterostylous selfincompatibility on the basis of restriction fragmentlength polymorphism (RFLP) analysis of chloroplast DNA (cpDNA). Yasui et al. (1998) suggested that heterostylous self-incompatibility have broken down many times independently during diversification of Fagopyrum species in the molecular phylogenetic study for 12 Fagopyrum species. Moreover, phylogenetic relations of Fagopyrum species have been inferred from molecular information such as isozyme variability, RFLP analyses of cpDNA (Ohnishi and Matsuoka, 1996) , nucleotide sequences of ITS regions of rbc L-acc D and nuclear ribosomal DNA (Yasui and Ohnishi, 1998a,b; Ohsako and Ohnishi, 1998; Ohsako et al., 2001) , trn K (UUU) intron, and trn C (GCA)-rpo B spacer (Ohsako and Ohnishi, 2000) as well as morphological data (Hirose et al., 1994 (Hirose et al., , 1995 Ohnishi and Matsuoka, 1996; Ohsako and Ohnishi, 1998; Ohsako et al., 2002) . All these studies illustrated that each phylogenetic tree strongly supported division of Fagopyrum species into two groups, the cymosum and urophyllum groups. However, in detail, statistical analysis of whether tree topologies are congruent among them has not been done. The issue of tree topology is crucial when considering any evolutionary biological incident, and there are various reasons why a gene tree does not always have the same topology as other gene trees or species trees (Bull et al., 1993; Knox and Palmer, 1995; Rieseberg, 1997) . Therefore, the purpose of the present study is to evaluate topological congruence among gene trees in Fagopyrum .
In general, genes evolve independently from other genes and, depending on the degree of functional and structural constraints, they differ in evolutionary rate, pattern of nucleotide substitution, and nucleotide composition. It is, therefore, recommended that genes should be analyzed individually with a substitution model suitable for each gene, and then each result should be integrated into total information to estimate taxonomic relations. For an object of synthetic phylogenetic analysis, the maximum-likelihood (ML) method is the most reasonable because synthesis of each analysis can be achieved simply by making a total of log-likelihood scores computed with each model best fitted for each sequence data set (Adachi and Hasegawa, 1996; Hasegawa et al., 1997) .
We used the ML method to reanalyze the cpDNA segments of rbc L-acc D, trn K (UUU) intron, and trn C (GCA)-rpo B spacer and also analyzed two newly isolated nuclear genes, FLORICAULA/LEAFY ( FLO/LFY ) and AGA-MOUS ( AG ). These are floral homeotic genes (Coen et al., 1990; Weigel et al., 1992; Yanofsky et al., 1990) , and it is known that FLO/LFY induces gene expression of AG (Busch et al., 1999; Parcy et al., 2002) . Protein coding nuclear genes have not been used for phylogenetic analysis in Fagopyrum , although nuclear genes are useful markers at the intrageneric level because of the higher nucleotide substitution rate than the cpDNA (Wolfe et al., 1987) . Conserved regions of FLO/LFY have been used for phylogenetic analyses at higher taxonomic levels to address questions regarding the evolution of flowers (Himi et al., 2001) , but the utility of this gene for phylogenetic reconstruction at lower taxonomic levels has not yet been examined. AG is also expected to be useful for phylogenetic inference at lower taxonomic levels because of a possession of long intron as a regulatory element. In addition, FLO/LFY is thought to be a single-copy gene in most of the angiosperms examined with a few exceptions (Southerton et al., 1998; Wada et al., 2002) . Single/lowcopy genes have recently shown to be potentially rich in source for systematics, less susceptible to a problem of paralogy (Morton et al., 1996; Mason-Gamer et al., 1998; Denton et al., 1998; Lewis and Doyle, 2000; Tank and Sang, 2001) . As for AG , although Arabidopsis genome project revealed that MADS-box gene family to which AG and AG -like genes belong comprises more than 45 MADSdomain sequences (Alvarez-Buylla et al., 2000; Ng and Yanofsky, 2001) , two genes as AG ortholog were found in Zea mays (Mena et al., 1996) and Antirrhinum (Davies et al., 1999) . In Gerbera (Yu et al., 1999) and Poplar (Brunner et al., 2000) , two AG copies result from the recent duplication events. Close relatives to Fagopyrum , Silene and Rumex are supposed to have one or two AG orthologs (Hardenack et al., 1994; Ainsworth et al., 1995) . Although copy number of FLO/LFY and AG in Fagopyrum was not examined in the present study, FLO/LFY and AG as a single/low-copy gene would provide useful information on phylogenetic relationships.
MATERIALS AND METHODS

Plant materials
The accessions of Fagopyrum species used in this study are given in Table 1 . Seeds of F. esculentum ssp. esculentum were purchased from a nursery company (Ishikawa Tetsuzo nursery company, Mishima, Japan). Plants were grown in soil culture in a growth cabinet at 25 ° C under long-day conditions (16 h light and 8 h dark cycle).
RNA extraction and RT-PCR of F. esculentum ssp. esculentum . Floral buds smaller than 3 mm were collected, frozen in liquid nitrogen, and grinded to a fine powder. mRNAs were isolated with the Oligotex TM -dT30 (Roche) according to the manufacturer's instructions. Floral bud cDNA was synthesized with the SMART TM PCR cDNA Synthesis Kit (Clontech) with a modified oligonucleotide 5'-AAGCAGTGGTAACAACGCAGAGTTTT-TTTTTTTTTTT-3' as the CDS-T15 anchor primer. PCR was then performed with degenerate primers designed on the basis of highly conserved amino acid regions of angiosperm FLO/LFY and AG genes available from GenBank. The 5' primer was 5'-GCNWSNYTNTTYAA-RTGGGAYCC-3' and the 3' primer was 5'-TGNCK-NARNYKNGTNGGNMCRTACCADAT-3' for FLO/LFY , whereas the 5' primer was 5'-GGNMRNGGNAANRT-NGARATHAA-3' and the 3' primer was the CDS-T15 anchor primer for AG . Amplification conditions were denaturation at 94 ° C for 2 min followed by 30 cycles of 94 ° C for 30 sec, 48 ° C for 30 sec, 72 ° C for 3 min and a final cycle of 72 ° C for 5 min. PCR products of approximately 1.2 kb for FLO/LFY and 1 kb for AG were gel-purified, cloned with the TOPO TA-Cloning Kit Dual Promoter (Invitrogen), and sequenced with the ABI Prism Big Dye Terminator Cycle Sequencing FS Ready Reaction Kit (Applied Biosystems) on an ABI Prism 377 fluorescent automated DNA sequencer (Applied Biosystems). Blast and Blastx analyses (Altschul et al., 1990; Gish and States, 1993) of the sequences identified FLO/LFY and AG as homologous genes with best scores.
Cloning of FLO/LFY and AG homologs from
Fagopyrum species Approximately 0.1 g of freshly collected young leaves were frozen in liquid nitrogen, and genomic DNA was extracted with the Nucleon PhytoPure Kit (Amersham Pharmacia Biotech) according to the manufacturer's instructions. Primers specific to the FLO/LFY and AG coding regions designed for the cDNA sequences of F. esculentum ssp. esculentum were used: the 5' primer was 5'-GCAACCGCCGCTACATCTCT-CAAC-3' (17-40 nt. of the cDNA) and the 3' primer was 5'-TGCGTCAATGTCCCAACCTT-3' (1,167-1,186 nt.) for FLO/LFY; and the 5' primers were 5'-GAATTGTCTGT-TCTTTGTGATGCTGA-3' (R9: 50-75 nt.), 5'-GTTGCTCT-TATTGTCTTCTCCAGTC-3' (R11: 77-101 nt.), and 5'-GTCACCTTCTGCAAACGTAG-3' (R14: 5-24 nt.), and the 3' primers were 5'-GATTGTTGTTGTGCAGTTCGATTTC-3' (F7: 431-455 nt.) and 5'-CTCGATCTCGCCAAACAG-CAGCTCATT-3' (F11: 389-415) for AG. PCR conditions were denaturation at 94°C for 2 min followed by 30 cycles of 94°C for 30 sec, 55°C for 30 sec, and 72°C for 3 min with a final extension at 72°C for 5 min. The singly amplified Cloning of trnK (UUU) intron and trnC (GCA)-rpoB spacer Nucleotide sequences of trnK intron and trnCrpoB spacer from F. gilesii and F. tataricum were determined according to the procedure described by Ohsako and Ohnishi (2000) . PCR products were cloned into the TOPO-TA cloning vector and sequenced.
Phylogenetic analyses
The nucleotide sequences of FLO/LFY, AG, rbcL-accD, trnK intron, and trnC-rpoB spacer cloned in this study and those obtained from GenBank (Table 2) were aligned with CLUSTALW ( Thompson et al., 1994) with visual correction. The gap and ambiguously aligned regions and inversions of trnK intron and trnC-rpoB spacer were removed from the sequence data sets. The sequences of trnK intron and trnC-rpoB spacer were concatenated (trnK/trnC-rpoB) because no significant difference was observed in the gene trees by the Wilcoxon signed-rank (WSR) test (Templeton, 1983; Mason-Gamer and Kellogg, 1996) in the previous study (Ohsako and Ohnishi, 2000) . The FLO/LFY sequence data included two clones isolated from F. rubifolium that were divergent as much as differences observed at the interspecific level, whereas only a single type of sequence was cloned from the other Fagopyrum Accession number: 16 accession number of rbcL-accD and 12 accession number of trnK and trnC-rpoB were isolated by Yasui and Ohnishi (1998) , Ohsako and Ohnishi(2000) and Ohsako et al. (2001) available from DDBJ/EMBL/GenBank database, trnK and trnC-rpoB for F. tataricum ssp. potanini and F. gilesii were cloned in this study.
species. The introns of FLO/LFY have diverged too much between the cymosum and urophyllum groups making it difficult to align the sequences of the two groups. Thus, a phylogenetic analysis including introns was performed for species in the urophyllum group alone.
Phylogenetic trees were reconstructed by maximum parsimony (MP), neighbor-joining (NJ), and maximumlikelihood (ML) methods. The MP analysis with the PAUP 4.0 beta version (Swofford, 1998) was performed with heuristic searches under the random option of stepwise addition algorithm with equal weighting of all characters. Bootstrap 50% majority-rule consensus trees were reconstructed by performing the heuristic searches with 1,000 bootstrap replicates. The NJ analysis was performed with NJDIST in the MOLPHY software package version 2.3 (Adachi and Hasegawa, 1996) . ML analyses were performed with the quartet puzzling (QP) algorithm with 100,000 puzzling steps in the TREE-PUZ-ZLE version 5.0 (Schmidt et al., 2002) and with the NucML program in the MOLPHY. Log-likelihood scores were computed under the HKY85 model (Hasegawa et al., 1985) with the option in which base composition and the transition/transversion parameter were estimated from the data set. Bootstrap proportions (BPs) at nodes in a tree were calculated with 10,000 RELL replications (Kishino et al., 1990) .
In the NucML analyses (Fig 4) , individual ML trees were estimated for the two species sets: the cymosum and urophyllum groups together and the urophyllum group alone. For the cymosum and urophyllum groups, the number of topologies possible among the operational taxonomic units (OTUs) used in this work is too huge to examine all tree topologies with the ML method. Therefore, constraints were introduced on the basis of highly supported monophyletic relations in the MP, QP, and NJ trees. The F. macrocarpum-F. pleioramosum-F. callianthum, F. cymosum-F. tataricum, and F. esculentum-F. homotropicum clades were constrained. A monophyletic relation of F. capillatum, F. gracilipes, F. gracilipedoides, and F. rubifolium was highly supported, but the ingroup relation was unclear due to insufficient information, and therefore, the constraint for the ingroup was defined as follows: F. gracilipes and F. gracilipedoides were excluded from the data sets, and F. capillatum and F. rubifolium represented the clade. Taking the constrained nine groups of 14 OTUs, all possible 135,135 topologies were examined by the exhaustive tree-topology search option of NucML as follows: ({FuroDal, Fcap, Fsta, Frub, FuroKun, ((Fmac, Fple) , Fcal), Fjns, Fgil}, (Fcym, Ftat), (FescAnc, Fhom)) for FLO/LFY, AG, and rbcL-accD, while the individual ML tree of trnK/trnC-rpoB was estimated from the all possible 135,135 trees excluding FescAnc and Fhom from the outgroup. One of the advantages of the ML method is that topologies for different numbers of OTUs can be compared among gene trees with the common standard if a missing OTU belongs to a constrained category. For the urophyllum group alone, individual ML trees were estimated with all of the 945 possible tree topologies generated from a constrained tree as follows: ({(Fgra, Fdoi, Fcap, Frub), Fsta, Fjns, Fgil, FuroDal, FuroKun}, (Fmac, Fple), Fcal). Ingroup relations among F. capillatum, F. gracilipes, F. gracilipedoides, and F. rubifolium, were further analyzed with all possible 15 tree topologies for the species set of six OTUs including (Table 3) . Topological congruence among the ML trees was evaluated by comparing the log-likelihood scores with the Kishino-Hasegawa (KH) test (Kishino and Hasegawa, 1989) in the CONSEL program package (Shimodaira and Hasegawa, 2001) . Furthermore, each analysis was integrated to estimate synthetic ML trees for the nuclear and chloroplast DNA sequences with the TotalML program in the MOLPHY software package version 2.3. Because it is not practical to compute the synthetic ML trees with all possible 135,135 topologies, the numbers of candidate tree topologies were reduced as follows: out of the 135,135 tree topologies, a sum of tree topologies that were not rejected by the KH test at the 5% level of significance for either data set was 21,972, which was examined again to come into 2,292 tree topologies reduced by the bootstrap criterion (at least once recovered during 10,000 RELL replications for either data set). Thus, the 2,292 tree topologies for the cymosum and urophyllum groups and the 945 tree topologies for the urophyllum group were used to estimate the synthetic ML trees. The synthetic ML trees were also used to examine topological congruence with the KH test in the CONSEL.
Another ML trees of FLO/LFY including two divergent sequences of F. rubifolium were estimated with two data sets, the exon and exon + intron sequence data. The ML relation of species including both the cymosum and urophyllum groups was estimated from the exon sequence data (the introns were unable to align with two groups together) with all possible 135,135 topologies among nine groups with the constraints suggested by the MP analysis as follows: ({FuroDal, Fcap, Frub1, Fsta, Frub2, (Fjns, Fgil) , ((Fmac, Fple) , Fcal), FuroKun}, (Fcym, Ftat), (FescAnc, Fhom)). The ML relation of species within the urophyllum group was estimated from the exon + intron sequences with all possible 10,395 tree topologies generated from a constrained tree as follows: ({Fcap, Frub1, Fsta, Frub2, (Fjns, Fgil) , FuroDal, FuroKun}, (Fmac, Fple), Fcal).
RESULTS
Characteristics of FLO/LFY, AG, rbcL-accD, and trnK/trnC-rpoB sequences A single FLO/LFY sequence was isolated from each of 15 Fagopyrum species, whereas two distinct sequences were isolated from F. rubifolium. The genomic sequence of Fagopyrum FLO/ LFY consisted of two partial exons, a complete exon, and two complete introns (Fig. 1) , and the length varied from 2,090 to 3,164 bp among the species. The variation in length was due to differences in size of introns. The sequence of Fagopyrum AG comprised one partial and three complete exons and four complete introns (Fig. 1) , and the length varied from 2,527 to 3,605 bp. The cpDNA sequences of rbcL-accD and trnK/trnC-rpoB were obtained from GenBank, and those of trnK/trnC-rpoB were determined for F. gilesii and F. tataricum in this study. The nucleotide sequences determined in this study are deposited in DDBJ/EMBL/GenBank under accession numbers from AB074900 to AB074911, AB074913, and from AB089692 to AB089715 (Table 2) .
As aligned by CLUSTALW and visual corrections followed by removing gap sites and ambiguously aligned gaps and ambiguously aligned regions, of which 367 were variable and 141 were parsimony informative. The average number of nucleotide substitutions per site within the urophyllum group was 0.052, and the GC content was 41.2%.
FLO/LFY phylogeny
The MP analysis of the FLO/ LFY exon sequences for 17 OTUs including two F. rubifolium sequences yielded a single most-parsimonious tree (tree length = 344, consistency index (CI) = 0.762, retention index (RI) = 0.811, rescaled consistency index (RC) = 0.617) and the bootstrap 50% majority-rule consensus tree, which was less resolved to have multifurcating patterns at the basal position (tree length = 361, CI = 0.726, RI = 0.771, RC = 0.560). The sequences of F. rubifolium FLO/LFY 1 and 2 showed distinct sister relations to F. gracilipedoides and F. statice.
The quartet-puzzling (QP) analysis, in which a quick search for an approximate ML tree of a number of OTUs can be performed, indicated that two F. rubifolium sequences again placed separate positions to form sister relations to F. gracilipedoides and F. statice with 55% and 92% bootstrap proportions (BPs) (Fig. 2a) . F. rubifolium FLO/LFY 1 formed a monophyletic group with F. capillatum, F. gracilipes, and F. gracilipedoides in both MP and QP trees. For the ML analysis, therefore, F. capillatum and F. rubifolium FLO/LFY 1 in order to save time for computation represented the monophyly. The ingroup relations of four species was analyzed at the later section.
The ML tree estimated from the exon sequences (Fig.  3a) showed almost the same branching pattern as the QP tree (Fig. 1a) . The sequences of F. rubifolium FLO/LFY 1 and 2 were distantly related, and a monophyly of these two was recovered with only 0.35% BP, strongly suggesting that the two genes from F. rubifolium have distinct origins. The bootstrap value for a sister relation of F. rubifolium 1 and F. capillatum (as representative species of the monophyletic group in Fig. 1a ) was 52% and that of F. rubifolium 2 and F. statice was 95% (Fig. 3a) . The other relations, especially the most basal species of the urophyllum group, could not be determined with the FLO/LFY exon sequence due to low BPs.
The phylogenetic relation within the urophyllum group was further estimated from the exon + intron sequences of FLO/LFY. The resulting ML tree also indicated separate positions for F. rubifolium 1 and 2, and the bootstrap values for the sister relations of F. rubifolium 1-F. Fig. 3 . Maximum-likelihood trees for the FLO/LFY gene. (a) Exon sequences of the species in the cymosum and urophyllum groups were used to construct the tree. (b) Exon-intron sequences of the species within the urophyllum group were used for the tree reconstruction. Branch length estimated with the HKY85 model is indicated on the scale bar (number of substitutions per 100 sites). The number given to each node is the bootstrap proportion (BP) (%) calculated from 10,000 RELL replications. BPs for the F. capillatum-F. rubifolium 1 (99.89%) and F. statice-F. rubifolium 2 (99.98%) clades were rounded to 100%. capillatum and F. rubifolium 2-F. statice increased to 99.89% and 99.98%, respectively (Fig. 3b) . The monophyly of F. rubifolium 1 and 2 was never recovered during 10,000 RELL replications (0% BP). In the exon + intron ML tree, F. urophyllum Dali and F. urophyllum Kunming were placed at separate positions, whereas they formed a monophyletic grouping in the exon ML tree (Fig. 3a) , but the BP was only 26%, suggesting that the FLO/LFY exon sequences do not contain sufficient information to clarify this issue. In the exon + intron ML tree, the monophyly of F. urophyllum Dali and F. urophyllum Kunming was not the ML relation, and the bootstrap support for the monophyly was reduced to 7%. Moreover, the bootstrap values in Fig. 3b are generally larger than those in Fig.  3a at nodes with the same OTUs. Although the exon + intron ML tree could not be used to determine the basal position of the urophyllum group, the intron sequences appear to contain more information than the exon sequences in this regard.
For later evaluation of topological congruence to the other gene trees, the ML trees of FLO/LFY for the 14 and 12 OTUs excluding F. rubifolium 2 which had clearly a different origin were also estimated, but exclusion of F. rubifolium 2 did not influence tree topology.
Since results of 14 OTUs did not change much, we only present ML trees of 12 OTUs for the urophyllum group in Fig. 4 . AG phylogeny As demonstrated above, the two F. rubifolium FLO/LFY are most likely to have distinct origins. The same situation might be expected for F. rubifolium AG and another AG sequence might also be found. But only a single form of AG was isolated from F. rubifolium in the present study possibly due to PCR amplification preference of different copies, even if two distinct AG genes exist. The MP analysis of AG yielded eight most parsimonious trees (tree length = 478, CI = 0.847, RI = 0.874, RC = 0.741) and the bootstrap 50% majority-rule consensus tree that multifurcated at the basal position (tree length = 489, CI = 0.828, RI = 0.855, RC = 0.709). In the QP tree, the basal branchings were also unclear (Fig. 2b) . Although a monophyletic grouping of F. rubifolium-F. capillatum-F. gracilipes-F. gracilipedoides with 77% reliability was consistent to the FLO/ LFY phylogeny, F. rubifolium was sister to F. gracilipes with 78% reliability in the ingroup. ML trees estimated for the cymosum + urophyllum groups and for within the urophyllum group showed almost the same topology for the urophyllum group. The sister relation of F. rubifolium and F. gracilipes was strongly supported with 93% BP (Fig. 4b) . . Resolution in each of the QP trees was not high due to lack of informative nucleotide differences (Fig. 2c  and 2d ). In the ML analysis, the individual ML trees estimated each for rbcL-accD and trnK/trnC-rpoB (data not shown) remained unresolved due to a dearth of information, so that these two analyses were integrated to obtain greater resolution than each tree by estimating a synthetic cpDNA ML tree. In general, cpDNA phylogenies of different genes are theoretically congruent because of the absence of recombination (Doyle, 1995) and cpDNA sequences have been used frequently in plant systematics. Indeed, the individual ML trees of rbcL-accD and trnK/trnC-rpoB were not rejected by the other sequence data in the KH test at the 5% level of significance, and the synthetic cpDNA ML trees were also not rejected by either of the individual data sets. Therefore, it was better to use the synthetic cpDNA ML trees for comparisons of tree topology.
Evaluation of congruence between nuclear and chloroplast DNA phylogenies Before comparing the nuclear and chloroplast DNA phylogenies, topological congruence between the ML trees of FLO/LFY and AG was examined, and then synthetic nuclear DNA ML trees were estimated from the results of the individual analyses (Fig. 4) . In the KH test (Table 4) , the individual ML trees of FLO/LFY and AG were sometimes rejected by the other sequence data at the 5% level (the FLO/LFY exon+intron sequence data of P = 0.010 against the AG ML tree and the AG sequence data of P = 0.003 against the FLO/LFY exon ML tree), whereas the synthetic nuclear DNA ML tree was not rejected by either of the sequence data, suggesting that there is no significant difference in topology between FLO/LFY and AG.
Topological congruence was also examined between the synthetic nuclear DNA and chloroplast DNA ML trees with the KH test. The FLO/LFY and AG sequence data rejected the synthetic cpDNA ML tree, while the cpDNA sequence data rejected the synthetic nuclear DNA ML tree for both the species sets (Table 4) . A major topological difference was observed in the relation among F. statice, F. gilesii, and F. jinshaense (Fig. 4) . These species formed a monophyletic group in the synthetic nuclear DNA ML tree, whereas they had separate placements in the synthetic cpDNA ML tree, in which F. jinshaense was at a more basal position in the urophyllum group and F. statice and F. gilesii were sister to the F. capillatum-F. gracilipes-F. gracilipedoides-F. rubifolium clade. A closer relation of F. jinshaense with either F. statice or F. gilesii was never found during 10,000 RELL replications in the synthetic cpDNA ML analysis, while the monophyletic relation of F. statice and F. gilesii with the F. capillatum-F. rubifolium clade was never recovered in the synthetic nuclear DNA ML analysis. Thus, the test confirmed that the tree topology is partially incongruent between the nuclear and chloroplast DNA phylogenies.
The ingroup relation among F. capillatum, F. gracilipes, F. gracilipedoides, and F. rubifolium was analyzed as a local topology of six OTUs including F. urophyllum Dali and F. urophyllum Kunming (Fig. 4) . The sequence data used were longer than those used to analyze the whole relation among 14 OTUs (Table 3) . A sister relation of F. rubifolium and F. gracilipedoides was supported in the FLO/LFY and synthetic cpDNA phylogenies with 68% and 88% BPs, respectively, whereas it was rejected in the AG phylogeny (such sister relation was never recovered during 10,000 RELL replications). A sister relation of F. rubifolium and F. gracilipes was strongly supported with 93% BP in the AG phylogeny. The KH test indicated that the cpDNA sequence data did not definitely reject the sister relation of F. rubifolium and F. gracilipes (P = 0.072), whereas the FLO/LFY and AG sequence data rejected an alternative ML ingroup relation suggested by another data set at the 5% level of significance. When the ML ingroup relations were again estimated using the shorter sequence data used to analyze the whole relation, the AG sequence data did not reject the sister relation of F. rubifolium and F. gracilipedoides (P = 0.125 for the FLO/LFY phylogeny and P = 0.258 for the synthetic cpDNA phylogeny). The most part of the phylogenetic information in the longer AG sequence data derived from the introns. These results suggested that the introns of AG are useful to resolve closely related species.
DISCUSSION
In this study, we conducted phylogenetic analyses of Fagopyrum species with newly isolated nuclear DNA sequences of FLO/LFY and AG and compared these analyses to the chloroplast DNA analyses of rbcL-accD, trnK, and trnC-rpoB. We found that the nuclear DNA sequences were more variable (approximately twice on the average for all the species) and provided more phylogenetic information per site than the cpDNA sequences (Table 3 ). The phylogenetic utility of the nuclear DNA sequences derived primarily from the intronic sequences, which had nucleotide substitution rates higher than the exons. The long intronic sequence (> 2 kb) of AG contributed to its phylogenetic utility. Because it contained a regulatory element comprised of highly conserved sequences (Busch et al., 1999) , this allowed us to make a reliable alignment between the cymosum and urophyllum groups. The two introns of FLO/LFY (approximately 1 to 2 kb total) also contained variable characters, but they were too divergent to provide an accurate alignment between the two groups even at the intrageneric level. The highly diverged FLO/LFY intronic sequences would be useful to resolve close relations at the intraspecific level.
The most interesting observation in this study is that F. rubifolium has two forms of FLO/LFY, and these variants have separate placements in the FLO/LFY phylogeny to form sister relations with F. gracilipedoides and F. statice, respectively (Fig. 2) . The monophyletic relation of two F. rubifolium sequences was rejected (with less than 1% BP). In the synthetic cpDNA phylogeny, which is broadly used for plant systematics without a question about recombination because of uniparental inheritance, Nuclear DNA ML tree -2.9 (P = 0.408) -1.1 (P = 0.440) -118.9 (P = 0.003) cpDNA ML tree -28.9 (P = 0.014) -56.9 (P = 0.002) <-8795.8>
Within the urophyllum group FLO/LFY exon+intron ML tree <-5473.7> -3.4 (P = 0.307) -106.5 (P =0.002)
AG ML tree -29.1 (P = 0.010) <-3820.5> -76.9 (P = 0.004) Nuclear DNA ML tree -0.2 (P = 0.467) -1.2 (P = 0.435) -106.5 (P = 0.002) cpDNA ML tree -63.7 (P = 0.003) -49.2 (P = 0.004) <-7212.2>
Note. The log-likelihood scores of the ML trees for each data set of FLO/LFY, AG, rbcL-accD, and trnK/trnC-ropB are given in brackets, and the differences in log-likelihood scores of alternative trees from the ML trees and the Pvalues of the KH-test (in parentheses) are shown.
the sister relation of F. rubifolium with F. gracilipedoides was strongly supported, but not with F. statice. Incongruent patterns among gene trees generally reveal cases of gene duplication, hybridization, introgression, and lineage sorting in the course of speciation (Takahata, 1989; Doyle, 1992; Sang and Zhang, 1999; Sang and Zhong, 2000) . In particular, the congruent and/or incongruent patterns between the nuclear and chloroplast DNA phylogenies as observed in F. rubifolium most likely indicate a consequence of hybridization between species (Rieseberg and Soltis, 1991; Rieseberg, 1997) . The incongruent relation could be explained by the biparental inheritance in the nuclear DNA against the uniparental manner in the cpDNA. In addition, the occurrence of two F. rubifolium FLO/FLY sequences is consistent with the information on chromosome number. It was recently found that F. rubifolium is tetraploid (Ohsako et al., 2002 (Fig. 4) . The FLO/LFY and cpDNA phylogenies suggested F. gracilipedoides (diploid) as another hybrid donor, whereas the AG phylogeny suggested F. gracilipes (tetraploid). In Brassicaceae, hybridization between Arabidopsis thaliana (AA genome) and Cardaminopsis arenosa (CCCC genome) gave rise to an allopolyploid Arabidopsis suecica (AACC genome) (O'Kane et al., 1995) . If F. gracilipes was an autopolyploid species, the similar situation could be considered in the generation of F. rubifolium.
The candidate donor species excluding F. gracilipes show heterostylous self-incompatibility, whereas the tetraploid species of F. rubifolium and F. gracilipes are homostylous self-compatible, suggesting that polyploidization was likely to be accompanied by breakdown of self-incompatibility and modification of style morph (Fig.  5) . However, it remains to be clarified whether homostylous self-compatibility in F. rubifolium inherited from F. gracilipes (Adachi et al., 1982) or was established independently from F. gracilipes through allopolyploidization. Moreover, it is still unclear if F. gracilipes is an autotetraploid or allotetraploid, although one type of FLO/LFY and AG was found by screening. To verify the hypothetical issues, further analyses of each haplotype of F. rubifolium and candidate donor species at the intraspecific level would be required.
The main purpose of this study was to examine topological congruence between the gene trees ( Table  4) . Because of the distinct modes of inheritance, incongruence between nuclear and chloroplast DNA phylogenies may reveal the evolutionary history of speciation (Takahata, 1989; Doyle, 1992; Sang and Zhang, 1999; Sang and Zhong, 2000) . In the present study, the nuclear and chloroplast DNA phylogenies showed topological incongruence in the positions of F. statice, F. gilesii, and F. jinshaense (Fig. 4) . By the bootstrap analysis, the monophyletic relation among the three was supported strongly by the nuclear DNA sequence data, whereas the monophyly was rejected by the cpDNA sequence data (0% BP). In addition, the cpDNA sequence data strongly supported the monophyletic relation of F. statice, F. gilesii, and F. urophyllum Dali, whereas it was rejected by the nuclear DNA sequence data (0% BP). As for F. jinshaense, either the nuclear or chloroplast DNA sequence data did not indicate a monophyletic relation of F. jinshaense with F. urophyllum Dali (Fig. 4) . The result suggests that F. statice and F. gilesii rather than F. jinshaense could be responsible for topological incongruence between the nuclear and chloroplast DNA phylogenies.
In fact, F. gilesii and F. jinshaense are morphologically similar in terms of fleshy leaves and slightly trichomous stems (Ohsako et al., 2001, and 2002) , and show geographical distribution that F. gilesii and F. jinshaense neighbor to each other (Ohnishi and Konishi, 2001) , which are consistent with the nuclear DNA phylogenies. On the other hand, the cpDNA phylogeny contradicts to such morphological features. Ohsako et al. (2001) suggested that the contradiction between the cpDNA sequence data and the morphological features might be the result of ancestral characters shared by F. gilesii and F. jinshaense. The proposal by Ohsako et al. (2001) could be clearly understood, if discrepancies among the morphological observations, the nuclear and chloroplast DNA phylogenies were a consequence of hybridization occurring between Fagopyrum species.
Suppose that F. statice and F. gilesii indicating the topological incongruence may have been generated through hybridization, which species were candidate hybrid parents? In the cpDNA phylogeny, the F. statice-F. gilesii clade was sister to the F. capillatum-F. gracilipes-F. gracilipedoides-F. rubifolium clade, implying that hybridization may have occurred once in a common ancestor of these species. On the other hand, the nuclear DNA phylogeny supported a monophyletic relation of F. statice, F. gilesii and F. jinshaense apart from the F. capillatum-F. gracilipes-F. gracilipedoides-F. rubifolium clade, suggesting that hybridization between the common ancestors of these two clade may have caused the cpDNA polymorphism in the ancestor population of the F. statice-F. gilesii-F. jinshaense clade. And then, in the ancestor population, some of which possessed the introduced cpDNA have speciated to F. statice and F. gilesii, and others which have the cpDNA originated from the ancestor speciated to F. jinshaense (Fig. 5) So far, we have discussed on the topological incongruence between the nuclear and chloroplast DNA on the basis of a hybridization hypothesis. However, we must consider another potential cause of topological incongruence due to lineage sorting. If the cpDNA was highly polymorphic in population before diversification of the urophyllum group, the hybridization hypothesis may not be necessary for the origins of F. statice and F. gilesii. In the present study, we did not examine the intraspecific variation of the genes for each species, and therefore we do not know to what extent the ancestral polymorphisms of the genes were. Thus, additional data of inter-and intra-specific variations from all the Fagopyrum species will be necessary to investigate on the ancestral polymorphism. Furthermore, the exact species relations could not be determined by the genes used in this study. To confirm the topological issue between the nuclear and chloroplast DNA, more additional data sets from nuclear genome should be examined.
Finally, although we could not know a case of hybridization between common ancestors, a possibility of recent hybridization between extant species was examined by Hirose et al. (1994 Hirose et al. ( , 1995 and Ohsako et al. (2002) . Some combinations of species studied here or related species showed pollen tube growth, but did not set seed in the crossing experiment of 20 cases for F. gracilipedoides as female and F. statice as male (Ohsako et al., 2002) . However, we believe, the crossing results and our hybridization hypothesis may not contradict with each other, and suggest that hybridization possibly took place but occasionally under natural conditions influenced by unexpected environmental factors.
